The influence of low night temperatures on the kinetics of tracheid expansion of two-year-old Podocarpus latifolius (Thunb.) R.Br. ex Mirb. was studied in a growth chamber experiment. In experiment 1 the plants were exposed to an almost constant air temperature of 18 to 20°C, while in experiment 2 the air temperature was reduced from 20°C during the day to 6°C during the night. The formation of the cambium derivative cells and the kinetics of tracheid expansion were analysed by high resolution laser increment measurements in combination with microscopic methods (accuracy: ± 2 μm, spatial resolution of 9.7 to 13.1 μm, temporal resolution: 60 s). Low night temperatures had no significant influence on the rate of cambial cell divisions and the proportion of tracheids and parenchyma cells in the xylem. However, they irreversibly interrupted the expansion of differentiating tracheids causing a high proportion of flattened tracheids in the xylem of the plants grown under the conditions of experiment 2. The results indicate that large differences between day and night temperatures can be an important trigger for the variation of the wood structure in subtropical and tropical gymnosperms.
INTRODUCTION
Day length, temperature, and water supply are important triggers for the variation of the anatomical structure in the secondary xylem of trees (Fritts 1976; Schweingruber 1988; Worbes 1989) . In many regions of the world these exogenous factors follow a seasonal pattern. This is the reason for the formation of distinct increment zones and annual growth rings in trees. Consequently, a very homogeneous wood structure is expected in evergreen trees grown on sites without a distinct seasonal variation in day length, temperature, and water supply. Similarly, increment zones often are absent in gymnosperms grown in tropical regions where there is an almost constant temperature and water regime throughout the year.
However, Stock (1998) , Jürgens (2004) , Bauch et al. (2006a) , and Beck et al. (2008) recently studied the wood anatomical structure of Podocarpus sp. grown in southern Africa, Costa Rica, and Ecuador. On these tropical and subtropical sites the seasonal variation in temperature and water supply throughout the year is very low. However, these authors found an inhomogeneous wood structure in the Podocarpus trees, which was expressed in terms of tracheids with reduced radial cell diameters, which are unevenly distributed in the xylem.
Turgor pressure as the driving force for the expansion of differentiating tracheids depends on the plasticity of the cell wall and the water supply of the tree (Larson 1995; Savidge et al. 2000) . Therefore, in the past, dendroecological and physiological studies focused on the relationship between precipitation, the production of phytohormones as important substances for the plasticity of the primary cell wall, and the final cell size (Sundberg et al. 2000; Esteban et al. 2007 ). However, Gričar et al. (2006) and Dünisch et al. (2007) showed that air temperatures less than 2 to 6°C also have a strong impact on the differentiation of tracheids in Picea abies (L.) Karst. during the primary wall phase.
Therefore temperature data (www.ncdc.noaa.gov) from the sites considered in the studies of Stock (1998) , Jürgens (2004) , Bauch et al. (2006a) , and Beck et al. (2008) on the wood structure of Podocarpus sp. were analysed in more detail. It became obvious that on these sites the difference between the air temperature between day and night can be extremely high, although the variation of the mean monthly air temperature throughout the year is very small. This led to the hypothesis that on these sites low night temperatures are the trigger for the reduced expansion of the tracheids.
In the subsequent study this hypothesis was tested in a growth chamber experiment with Podocarpus latifolius (Thunb.) R.Br. ex Mirb. in order to elucidate the influence of low night temperatures on tracheid formation in tropical and subtropical gymnosperms.
MATERIAL AND METHODS

Plant material and growth chamber conditions
Thirty experimental plants of Podocarpus latifolius (Thunb.) R.Br. ex Mirb. were obtained by vegetative propagation from a 17-year-old tree grown in the greenhouse of the Federal Research Center for Forestry and Forest Products, Hamburg, Germany. For root formation the cuttings were cultivated in a "Knop" nutrient solution for two months. After that the plants were transferred into a standard soil substrate and cultivated in the greenhouse under subtropical climate conditions. After two years of growth the plants were transferred to the growth chambers one week before starting the experiments and cultivated at 18-20°C and 13/11 hours day/night cycle ( Fig. 1) . During daytime the photoactive radiation in the growth chamber was 90 μE m -2 s -1 . The relative humidity of the air was 80 ± 2%. The plants were watered daily in order to maintain a good water supply for the plants.
After the one-week adaptation period in the growth chambers 15 plants each were cultivated for a period of ten days under two different temperature conditions ( Fig. 2 ; light, air humidity as described before). In experiment 1 the day temperature was approximately 20°C, while the night temperature was approximately 18°C. In experiment 2 the day temperature was also approximately 20°C, while the night temperature (10 p.m. until 6 a.m.) was 6°C.
Analysis of the kinetics of xylem cell development
In each experiment involving 15 plants, the five with the highest shoot diameter were selected for the high resolution analysis of tracheid development. The kinetics of xylem cell development was studied according to Dünisch et al. (2003) and Dünisch and Rühmann (2006) by high resolution laser increment measurements in combination with microscopical observations. Light microscopical observations revealed no periderm formation or collapse of sieve cells in the phloem. It was therefore assumed that the increase in shoot radius detected by the measuring device was due to the formation and expansion of cambium derivatives (Dünisch & Bauch 1994; Dünisch et al. 2003) .
Three laserscanners (MEL laserscanner M2D, MEL GmbH, Eching, Germany) were installed at the same height at an angle of 120° to each other around the shoot (Fig. 1) . Each scanner measured the distance between the scanner head and the shoot surface of a shoot segment of 120° with a spatial resolution of each laser line of approximately 1° (~150 laser lines per scanner, ~120 lines for a shoot segment of 120°, ~30 lines overlapping between two scanner heads). The corresponding optical resolution of the laser measurements along the shoot circumference was 9.7 to 13.1 μm. From the simultaneous measurement of 3 shoot segments, the profile of the shoot circumference/cross section was calculated and visualized by the MEL software package. The measuring device allows the quantification of the cross-sectional area of the shoot within a circle area of 4.52 m² as a maximum without movements of the shoot affecting the accuracy of the measurements. The data and the cross-sectional profiles were stored in a computer (i-Control, MEL GmbH) at 60 s intervals. During each measuring interval, the laser light was switched on for 20 ms only in order to avoid an impact of the laser light on the cambial activity of the plants.
In order to guarantee the complete differentiation of the cells formed during the tenday experiments, the plants were allowed to continue growing under the climate conditions of experiment 1 for two weeks more. The plants were then harvested and the radial diameter of the phloem and xylem cells of the shoot portion analysed by the laser measurements were quantified histometrically in order to explain the significance of the increment curves of each laser line in terms of cell production and radial expansion.
After harvest the samples were fixed in formalin/acetic acid/alcohol (FAA) solution. The relevant shoot portions were embedded in polyethylene glycol (PEG 1500) with increasing concentration (PEG 1500: H 2 O, 1:2, 1:1, 2:1, 1:0, 1:0). For the histometrical analyses of the phloem and xylem cells, sequences of microtome transverse sections (5 μm, LKB Historange) were prepared from the shoot portions analysed by the laser measurements shoot downwards. The sections were stained with safranine/astrablue (1:1). Digital microphotographs of the cross sections were prepared using the image analysing system Analysis (Olympus Hamburg), adjusted on an AX 70 microscope. The radial diameter of all cambium derivative cells formed during experiment 1 and 2 was quantified (ray cells not measured, total number of measurements: 6733). The radial diameters of the same cells were also analysed in transverse sections prepared from shoot portions distant (maximum distance 100 μm) from the shoot portion analysed by the laser measurements. Very similar radial diameters of the cells obtained by measurements along the longitudinal sequence of transverse sections indicated that reduced radial cell diameters are not due to sections taken near the tapering tips of the cells.
For the comparison of the laser measurements and the histometrical data the microphotographs of the sections and the shoot profiles obtained from the scanning unit were overlapped and adjusted. The histometrically determined radial diameters of the xylem and phloem cells were compared with the radius increment obtained from the laser measurements during a distinct growth period along the radial transects through the tissue using the technique of Dünisch and Bauch (1994) and Dünisch et al. (2003) . Maximum conformity between the two data sets was correlated with the program SYSTAT by means of Boolean algebra. If one laser line did not fit with a radial cell row (overlap in the tangential direction < 80%) or if during a distinct growth period the radius increment differed more than 2 μm from the radial diameter of the cell, it was not possible to time the expansion of the individual cell. The duration of radial cell expansion of cambium derivative cells was calculated as the histometrically determined radius increase of the derivative cells (compared to the cambium cells) per time period (obtained from the laser measurements).
RESULTS
Influence of low night temperatures on cambial cell divisions
In experiment 1 (high night temperature, Fig. 3 and 5) each fusiform initial of the cambium produced 5.42 xylem cells and 0.81 phloem cells, while in experiment 2 (low night temperature, Fig. 4 and 6 ) each fusiform initial cell produced 5.28 xylem cells and 0.90 phloem cells (mean values of 5 plants each). The proportion of axial parenchyma cells in the xylem was 3.5% in experiment 1 and 3.8% in experiment 2. The differences in the rate of cambial cell divisions, the formation of phloem cells, and the formation of axial parenchyma in the xylem between plants grown in experiment 1 and plants grown in experiment 2 were not significant at p<0.05 (Fisher's F-test).
In both experiments cell expansion was induced in phloem and xylem cells during daytime as well as during night time (Fig. 5 and 6 ). At the time of harvest all phloem and xylem cells, which passed the phase of cell expansion during the 10-day periods of experiment 1 and 2, were completely differentiated. Light microscopic studies indicated a complete formation and lignification of the cell walls. Light microscopic observation did not indicate differences in size of sieve cells and of axial parenchyma cells between plants grown under the temperature conditions of experiment 1 and experiment 2. In contrast, in plants grown in experiment 2 the portion of flattened tracheids (low radial cell diameter) increased significantly compared to plants grown in experiment 1 (Table 1 , Fig. 3 and 4) . 
Influence of low night temperatures on the kinetics of tracheid expansion
In plants grown at a night temperature of 6°C (experiment 2) the radial diameter of 21.3% of the tracheids was less than 15 μm, while in plants grown at a night temperature of 18°C (experiment 1) the portion of tracheids with radial diameters less than 15 μm was only 3.1% (Table 1) . In experiment 1 cell expansion of the differentiating tracheids was induced predominantly between 6 p.m. and 6 a.m. (68.3% of the tracheids), while in experiment 2 cell expansion was induced predominantly between 6 a.m. and 6 p.m. (70.3% of the tracheids, Table 2 ). Radial expansion of the tracheids was a very fast process which lasted 2.47 to 4.18 hours except in tracheids formed between 6 p.m. and 6 a.m. in experiment 2 (low night temperature), when radial expansion of the tracheids stopped after 0.88 to 1.92 hours. This fast offset of cell expansion was irreversible. The subsequent increase of the air temperature during daytime did not induce a continuation of the cell expansion. The high resolution laser increment measurements allowed the analysis of the course of radial cell expansion of individual tracheids (Fig. 5 & 6) . The decrease of the air temperature from 20 to 6°C during night time in experiment 2 interrupted ongoing radial expansion of tracheids with a time delay of approximately 20-45 minutes (Fig. 6) . Consequently, the tracheids formed under this climatic condition had a lower radial diameter compared to tracheids formed at temperatures between 18 and 20°C.
DISCUSSION
Following field studies of Bauch et al. (2006a, b) , the work described here was carried out in a model system in order to test the hypothesis that low night temperatures reduce tracheid expansion in tropical/subtropical gymnosperms. In this experimental approach plant age, growth conditions, and the time of exposure to controlled temperature conditions differed significantly from the situation at natural sites. However, this simplified system had the advantage of controlled experimental conditions, which allow a one factoral analysis of exogenous input and the high resolution study of the kinetics of cell expansion. This permits the influence of the air temperature on tracheid formation to be investigated independently from the impact of day length and light, while on natural sites temperature, day length, and light are interrelated (Viherä-Aarnio et al. Table 2 . Starting time (6-hour-intervals) and duration (hours; mean values ± standard deviation) of radial expansion of tracheids formed in experiment 1 (high night temperature) and in experiment 2 (low night temperature).
Experiment 1 Experiment 2 (night temperature: 18 °C) (night temperature: 6 °C) 2006). High resolution laser measurements in combination with microscopical studies allowed the analysis of the kinetics of radial cell expansion in situ at a cellular level, while classical methods of growth analysis like dendrometer measurements (Fritts 1976) and repeated sample collections (Barnett 1992; Farrar & Evert 1997a, b; Rossi et al. 2006 ) have a comparable low spatial and temporal resolution. However, the application of this method is restricted to young plants without secondary changes in the phloem (formation of periderm, collapse of sieve cells; Esau 1970) , which also influence the radial diameter of the shoot. The 10-days exposure to low night temperatures had no significant impact on the rate of cambial cell divisions and on the size of sieve cells in the phloem and axial parenchyma cells in the xylem. In contrast, low night temperatures during the phase of cell expansion caused reduced radial cell diameters of the tracheids. Cambial cells, sieve cells, and axial parenchyma cells are living cells, while in tracheids the protoplast dies after differentiation. Living cells can react physiologically to exogenous impact, which might be the reason for the reduced sensitivity of these long living cells to low night temperatures in terms of cell expansion compared to tracheids. However, due to the short experimental period of 10 days, the experiments gave no information on the response of differentiating sieve cells and parenchyma cells to long-lasting low night temperatures.
In agreement with studies on the kinetics of xylem cell formation in other tree species (Dünisch & Bauch 1994; , in Podocarpus latifolius the expansion of the differentiating tracheids was a very fast process, which lasts a couple of hours. Consequently, repeated short periods of low temperatures during night time can have a strong impact on the overall structure of the secondary xylem expressed in terms of a significant portion of flattened tracheids in the wood. The exposure of the plants to low temperatures for a couple of hours during night time followed by higher temperatures during day time, induced the irreversible offset of tracheid expansion. However, light microscopy indicated that tracheids affected by low night temperatures during the phase of cell expansion formed complete secondary cell walls. Bauch et al. (2006b) found a high variation of the lignin content between individual tracheids in Podocarpus oleifolius from Costa Rica. In that context it would be interesting to know if the onset of secondary wall formation determines the time of cell expansion and if the lignin content of the secondary cell wall of the flattened tracheids differs significantly from the lignin content of tracheids unaffected by low temperatures during the phase of cell expansion.
However, the complete formation of the secondary cell wall in tracheids affected by low night temperatures during the phase of cell expansion indicates a lower susceptibility to low temperatures of differentiating cells during the phase of secondary wall formation compared to differentiating cells during the primary wall phase (expanding cells). This guarantees to a certain level the complete formation of tracheids even under unfavourable temperature conditions. In contrast, studies of Gričar et al. (2006) and Dünisch et al. (2007) showed that long lasting low temperatures can cause an incomplete formation of secondary cell walls in Picea abies.
Temperature influences the expansion of the differentiating tracheids in different ways. Phytohormones, assimilates, water, and enzymes are principal components for signalling the cessation of cell expansion (Verbelen & Vissenberg 2007) . The cessation of cell expansion was induced in the tracheids 20-45 minutes after the reduction of the temperature. Therefore a polar transport of phytohormones, assimilates, water, and enzymes signalling the period of cell expansion can be excluded due to the transport velocities for these substances (Langer et al. 2002) . It is more likely that enzymes which are already present in the differentiating cells are activated/deactivated by lower temperatures. Biochemical studies indicate an activation temperature of 3 to 8°C for enzyme catalysed reactions during cell formation, which is in agreement with the cessation of cell expansion at temperatures between 6 and 8°C (Savidge 1996) .
This study supports the hypothesis that low night temperatures have a significant influence on the kinetics of xylem cell expansion and the final size of tracheids. It is suggested that this mechanism is of special importance for the variability in wood structure of tropical/subtropical gymnosperms.
